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ABSTRACT 
Exhaust Gas Re-circulation (EGR) has been used in 
intemal combustion engines to control automotive emissions. 
EGR is usually used to dilute the inlet charge, which consists 
of air, by redirecting part of the exhaust into the inlet manifold 
of the engine. This results in a reduction of the oxygen mass 
fraction in the inlet charge. However, dilution of the air-fuel 
mixture in an engine using stratified EGR could offer 
significant fuel economy saving comparable to lean bum or 
stratified charge direct-injection SI engines. The most critical 
challenge is to keep the EGR and air-fuel mixture separated, 
or to minimize the mixing between the two zones to an 
acceptable level for stable and complete combustion. Swirl- 
type stratified EGR and fuel-air flow structure is considered 
desirable for this purpose, because the circular shape of the 
cylinder tends to preserve the swirl motion. Moreover, the 
axial piston motion has minimal effect on the swirling motion 
of the fluid in the cylinder. In this study, we consider intake 
system design in order to generate a two-zone combustion 
system, where EGR is maintained in a layer on the periphery 
of the cylinder, and the fuel-air mixture is maintained in the 
center of the cylinder. KIVA-3V was used to perform 
numerical simulations on different EGR systems. The 
simulations were performed to determine if the two-zones can 
be generated in the cylinder, and to what extent mixing 
between the two zones occurs. For the engine geometries 
considered in this study, the results showed that it is possible 
to generate the two zones, but mixing is difficult to control. 
INTRODUCTION 
One strategy to decrease the amount of oxides of nitrogen 
formed and emitted from certain combustion devices, such as 
the internal combustion engine, is to re-circulate and introduce 
a portion of the burned product gases with the air and fuel. 
The effect of the re-circulated gases is to decrease the 
maximum temperatures in the flame zone, and hence decrease 
NOx formation [1,2]. In SI engines EGR succeeded in 
reducing NOx emissions without the penalties of the 
substantial increase in other pollutants [3] or excessive fuel 
consumption [4]. However, applying EGR to reduce NOx in 
compression ignition (CI) engines can result in substantial 
increase in particulate and smoke emissions, especially at high 
load [5,6]. Moreover, the particulates tend to accumulate in 
the engine oil and cause deterioration of the lubricating 
properties of the oil, and hence engine wear [7-9]. Several 
methods have been proposed to reduce soot formation 
associated with the application of EGR in CI engines. These 
methods include fuel injection control [ 10-12], water injection 
[13], methanol fumigation [14], fuel additives [15], 
supercharging [16], and particulate traps [17,18]. 
EGR dilution has also been suggested as a means to 
improve low part load efficiency of engines [ 19]. The method 
works by introducing large amounts of EGR into the cylinder, 
instead of throttling the intake system at part load. A number 
of advanced systems have been explored and developed to 
improve fuel economy of SI engines at part load. Some of 
these systems include, direct-injection stratified charge, lean 
bum, variable compression ratio, variable valve timing and 
lift, and hybrid. In a two-zone combustion system, the engine 
cylinder is divided into two zones: one contains EGR only, 
and the other one contains air-fuel only [19]. The volume of 
the air-fuel zone is determined according to the required 
engine load. The volume of the EGR is to occupy the rest of 
the cylinder to reduce pumping losses. Depending on the 
engine application, the cylinder could be divided into two 
zones, a top air zone, and an EGR zone at the bottom [20]. 
This configuration is referred to as axial stratification. Another 
configuration, involves intake side air and exhaust side EGR, 
this is referred to as lateral stratification [21,22]. The third 
method is to introduce air centrally and EGR on the outer 
periphery of  the cylinder - radial stratification [23,24]. The 
challenging task in these systems is how to generate 
stratification during the intake, and how to maintain the 
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stratification during the compression stroke prior to ignition 
[19]. In axial stratification, it is difficult to maintain 
stratification during compression, because the bottom zone is 
compressed by the moving piston and hence, mixing between 
EGR and air is inevitable. Lateral EGR stratification is often 
accompanied by strong in-cylinder tumble motion. During the 
late stages of the compression stroke, the coherent tumble 
flow structures tend to collapse due to the moving piston~ 
Radial EGR stratification seems to be the most promising way 
to generate and maintain stratification in the cylinder. The 
central air-fuel cylinder and the outer EGR tubular cylinder 
are concentric with the engine cylinder. As the piston moves 
upward, both zones get compressed in the axial direction. The 
goal is to create an outer EGR layer, and an inner air layer as 
shown in Figure 1. 
Figure 1. Schematic depicting radial 
stratification. 
In this study, different intake and EGR systems were 
considered to determine if radial stratification could be 
generated during the intake stroke. The study also, determines 
if stratification can be maintained during the later stages of the 
compression stroke. However, the effect of EGR stratification 
on combustion was not considered in this study. In a previous 
study [19], the effect of stratification on combustion was 
investigated. However, EGR stratification was artificially 
created. This study, considers the design of intake systems to 
generate EGR stratification. 
NUMERICAL MODELING 
The computer code KIVA-3V [25-27] was used to 
perform the numerical simulations. The KIVA-3V program is 
a time-marching finite difference program that uses the same 
numerical procedure and solves the same set of equations used 
in KIVA-2 [28]. Spatial differences are formed on a finite- 
difference mesh that subdivides the computational region into 
a number of small cells that are hexahedrons. The comers of 
the cells are called vertices, and the positions of the vertices 
may be arbitrarily specified functions of time, thereby 
allowing a Lagrangian, Eulerian, or mixed description. The 
arbitrary mesh can conform to curved boundaries and can 
move to follow changes in combustion chamber geometry. A 
strength of the method is that the mesh need not be 
orthogonal. The procedure used is to difference the basic 
equations in integral form, with the volume of a typical cell 
used as the control volume, and with divergence terms 
transformed to surface integrals using the divergence theorem. 
The transient solution is marched out in a sequence of 
finite time increments called time-steps. On each time-step the 
values of the dependent variables are calculated from those on 
the previous time-step. Each time-step is divided into two 
phases- a Lagrangian phase and a rezone phase. In the 
Lagrangian phase the vertices move with the fluid velocity, 
and there is no convection across cell boundaries. In the 
rezone-phase, the flow field is frozen, the vertices are moved 
to new user-specified positions, and the flow field is remapped 
or rezoned onto the new computational mesh. This remapping 
is accomplished by convecting material across the boundaries 
of the computational cells, which are regarded as moving 
relative to the flow field. The temporal difference scheme is 
largely implicit. Because of this, the time-steps used are 
calculated based on accuracy, not stability, criteria and can be 
considerably larger than when based on stability. In the 
Lagrangian phase, implicit differencing is used for all the 
diffusion terms and the terms associated with pressure wave 
propagation. The coupled implicit equations are solved by a 
method similar to the SIMPLE [29] algorithm, with individual 
equations being solved by the conjugate residual method [30]. 
The simulations were started at the beginning of the intake 
stroke and were performed for the intake and compression 
strokes only. No fuel was injected or mixed with the fresh air 
since combustion was not modeled in this study. The code was 
modified in order to use shrouded valves in the EGR ports. 
ENGINE GEOMETRY 
Four different engine geometries were considered in this 
study. These geometries are: Engine 1 had two opposing 
intake valves and 2/4 tangential EGR ports. Engine 2 had a 
central intake valve and 2/4 EGR ports. Engine 3 had a central 
intake valve and side EGR ports. The fourth engine modeled 
had a centrally located helical intake valve and 2/4 EGR ports 
located in the head. 
The helical intake port was designed to impart a swirling 
motion to the inducted air. Ports located near the periphery of 
the cylinder were used to introduce EGR to the cylinder. Two 
and four EGR ports were used. Some of the ports used were 
designed to help generate swirl with the EGR. Different valve 
timings were used for both the intake and EGR valves in order 
to optimize EGR stratification. Valve lifts were also varied for 
the same reason. Moreover, the sizes of the EGR ports were 
varied to improve stratification. 
The EGR ports used in this study were modeled as intake 
ports, with EGR flowing through them. The central intake port 
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had air flowing through it. Several engine parameters were 
varied in order to determine the best strategy or configuration 
to achieve stratification in the cylinder. 
ENGINE 1 
Engine 1 had two opposing intake pm~s and two 
tangentially located EGR ports. Figure 2 is a schematic of the 
engine geometry and computational mesh. Figure 3 shows the 
velocity vectors in a plane passing through the two intake 
ports. The results show the air flowing through the valves to 
collide in the center of the cylinder. However, the flow in the 
normal plane was moving towards the cylinder walls. 
Figure 2. Engine 1 geometry and computational mesh. 
Figure 4 is a plot of the air mass fraction contours in the same 
plane. The numbers associated with each contour line 
represent air mass fraction divided by 10; i.e. 8 represents 
80%. The results show that EGR diffused into the air layer, 
and air had diffused into the EGR layer. Hence, it was decided 
to use four EGR ports as shown in Figure 5. Moreover, 
shrouded valves were used in the EGR ports. The valves had 
shrouds on them that blocked EGR flow on the backside of the 
valves, hence forcing to gas to flow on the front side. This 
configuration would force the EGR to move in a swirling 
motion in the cylinder. It was theorized that the swirl motion 
would slow down the diffusion of EGR into the central air 
layer. 
The velocity vector plots and air mass fraction contours 
were plotted in a plane passing through the intake ports. 
Figure 3. Velocity 1 through 
the intake valves at 
Figure 4, Air mass fraction contours plotted in a plane passing 
through the intake valves at 120 ° CA ATDC. 
The results, shown in Figures 6 and 7 indicate that EGR 
stratification, even though appears to be better than in the 
previous case, was not accomplished during the intake stroke. 
Figure 8 shows the velocity vectors and Figure 9 shows air 
mass fraction contours plotted in a radial plane midway 
between the piston top and cylinder head. The velocity vectors 
show that swirl did develop in the EGR layer. The air mass 
fraction contours plot show that EGR had diffused into the air 
zone. Considering that EGR stratification was not achieved 
during the intake stroke, a different engine configuration was 
considered. 
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Figure 5. Engine 1 geometry with four EGR ports and 
computational mesh. 
Shroud . . . . . . .  
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Figure 6. Velocity vectors plotted in a plane passing through 
the intake valves at 120' CA ATDC with four EGR ports. 
Figure 7. Velocity vectors plotted in a radial plane at 120 ° CA 
ATDC for Engine 1 with four EGR ports. 
Figure 8. Air mass fraction contours plotted in a plane passing 
through the intake valves at 120 ° CA ATDC. 
Figure 9. Air mass fraction contours plotted in a radial plane 
at 120* CA ATDC for Engine 1 with four EGR ports. 
ENGINE 2 
Since the goal is to maintain air in the center of the 
cylinder, and EGR in an outer layer, a centrally located intake 
valve, and EGR ports located on the periphery of the cylinder 
were used. First, two EGR ports were used, and later four 
EGR ports were used. The diameter of the EGR ports was also 
varied in order to optimize EGR flow in the cylinder. The 
results from the engine geometry that gave the best EGR 
stratification will only be discussed. This engine geometry is 
shown in Figure 10. 
The intake and compression strokes were simulated only. 
The velocity vectors plotted in a plane passing through the 
intake valve are shown in Figure 11. The results show that the 
air did flow in the center of the cylinder, however vortical 
motion occurs in the outer layer and causes mixing between 
the air and EGR. The air mass fraction contours shown in 
Figure 12 indicate that mixing did occur between air and EGR 
during the intake stroke. 
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Figure 10. Engine 2 geometry with four EGR ports and 
centrally located intake valve. 
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Figure 11. Velocity vectors plotted in a plane passing through 
the intake valve at 600 CA ATDC. 
Since EGR stratification did not occur in the cylinder, even at 
this early stage during the intake stroke, it was decided to use 
side EGR ports instead. This geometry is discussed nest. 
Engine 3 
In this geometry, the centrally located valve was used to 
induct air into the cylinder. But, instead of using EGR ports 
located in the cylinder head, rectangular ports located on the 
bottom side of the cylinder were used. This configuration is 
/ /  
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Figure 12. Air mass fraction contours plotted in a plane 
passing through the intake valve at 60 ° CA ATDC. 
shown in Figure 13. The intake was simulated to open during 
the intake stroke. The EGR ports would start to flow EGR as 
soon as the piston clears the top of the ports during the intake 
stroke. EGR will remain to flow during the compression 
stroke until the piston clears the top of the ports again. The air 
mass fraction contours plotted in Figure 14 show that EGR 
stratification was achieved at the end of the intake stroke. This 
was promising because EGR stratification was not 
accomplished in Engine 1 and Engine 2. However, EGR 
quickly diffuses into the air layer during the compression 
stroke as shown in Figure 15. Hence, by the end of the 
compression stroke EGR and air were thoroughly mixed. 
Figure 13. Engine 3 with center intake valve and side EGR 
ports. 
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Figure 14. Air mass fraction contours plotted at BDC in (a) 
plane passing through the intake valve and (b) radial plane. 
ENGINE 4 
Since EGR stratification was not maintained during the 
compression stroke it was decided to use a centrally located 
helical intake system to impart a swirling motion to the 
inducted air, and EGR ports that would impart a swirling 
motion to the EGR. Two different configurations were 
considered for the EGR ports. In Configuration 1, EGR ports 
were mounted on the bottom side of the cylinder wall, and in 
Configuration 2, EGR ports were located in the cylinder head• 
If both the EGR and the air are swirling in the same direction, 
stratification may be sustained much longer towards the end of 
the compression stroke. 
Configuration 1 
In Enginel and Engine 2 EGR stratification was not achieved 
during the intake stroke. However, in Engine 3, since EGR 
was introduced near the end of the intake stroke, EGR 
stratification was achieved near the end of the intake stroke. 
The results initially looked promising, however, mixing 
between air and EGR occurred during the compression stroke, 
and EGR stratification was not maintained. 
\ // 
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Figure 15. Air mass fraction contours plotted at 15 CA ABDC 
in (a) plane passing through the intake valve and (b) radial 
plane. 
Hence, a helical intake port replaced the intake valve in 
Engine 3, and the side EGR ports were reoriented in order to 
impart swirl to the EGR as shown in Figure 16. The air mass 
fraction contours are plotted in Figure 17(a) in an axial plane 
and 17(b) in a radial plane at 5 degrees crank angle after BDC. 
The plots show that EGR stratification was not achieved. 
These results are not as good as those for Engine 3. This leads 
us to believe that swirl motion in this case did not aid in 
keeping the air and EGR layers separated, but rather it helped 
mixing the two layers. The velocity vectors were plotted in 
Figure 18 in order to analyze the fluid motion in this case. The 
results in Figure 18(a) show that tumble motion were created 
in the axial plane. This tumble motion was moving the EGR 
from the outer to the inner layer hence, enhancing mixing of 
the two. Figure 18(b) shows that swirl was generated in the 
radial plane. However, it appears that the swirl motion in both 
layers was not equal, which suggests shearing at the interface 
between the two layers. 
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Figure 16. Configuration 1 with helical intake and side EGR 
ports. 
Figure 17(a). Air mass fraction contours plotted in an axial 
plane at 5 degrees CA ABDC. 
) \\\ 
Figure 17(b). Air mass fraction contours plotted in an axial 
plane at 5 degrees CA ABDC. 
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9lane at 5 
~ - . ~  _ _-Z-S~_ . ' ~ ' ~  7.-<.-t~ . . . . . . . .  "~ 7.'S..~.. 
~ ~ 4 < , .  ,~ ", >,'Ii¢ ~ , ~ ' . . " . "  ~, ; ~ ~ /i/UP 
Figure 18(b). Velocity vectors plotted in an axial plane at 5 
degrees CA ABDC. 
Configuration 2 
First, two EGR ports were used with the helical intake as 
shown in Figure 19. Several different intake valve and EGR 
valve timings were considered. After several iterations, it was 
determined that complete EGR stratification was not achieved 
at the end of the intake stroke. Figure 20 shows the air mass 
fraction contours plotted in a radial plane at BDC. The results 
indicate that mixing between the two layers occurred during 
the intake stroke. The maximum concentration of air in the 
center was 60%, and the maximum EGR concentration near 
the cylinder walls was also 60%. 
In order to determine the crank angle at which EGR 
stratification occurred during the intake stroke, velocity 
vectors and air mass fraction contours were plotted at various 
crank angles. The results shown in Figures 22 and 23 indicate 
that swirl was almost completely developed in the cylinder 70 
degrees CA ATDC during the intake stroke. 
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Figure 19. Engine geometry used showing central helical 
intake and two EGR ports. 
Figure 20. Air mass fraction contours plotted in a radial plane 
at BDC. 
Figure 21. Velocity vectors plotted in a radial plane show 
swirl motion at BDC. 
Figure 21 shows that both layers eventually were swirling in 
the same direction. The results shown in Figure 23, with the 
two EGR ports, showed that swirl was not achieved until late 
during the intake stroke. Moreover, entrainment of air by EGR 
flow also occurred. 
Next, to determine if EGR stratification could be 
improved using the same engine, two additional EGR ports 
were used, as shown in Figure 24. The results shown in 
Figures 25 and 26 indicate that swirl did develop earlier 
during the intake stroke, and EGR stratification was more 
evident. The results for this case were also plotted at BDC in 
order to compare with the case of the two EGR ports. Figures 
27 and 28 show the mass fraction contours and velocity 
vectors at BDC. 
The results plotted in Figure 27 show that EGR 
stratification was not complete. Some EGR had diffused into 
the air layer, and air had diffused into the EGR layer. 
However, the maximum air concentration in the EGR layer 
was 10%, and the maximum concentration of EGR in the air 
layer was 30%. This shows that separating EGR and air into 
two layers was not accomplished. However, considering that 
achieving complete stratification is may be impossible, the 
above results look promising. 
Figure 22. Air mass fraction contours plotted in a radial plane 
at 70 degrees CA ATDC. 
Figure 23. Velocity vectors plotted in a radial plane at 70 
degrees CA ATDC during the intake stroke. 
The next step in this study was to determine if EGR 
stratification could be maintained through the compression 
stroke. In all of the above cases, EGR and air were completely 
mixed at the end of the compression stroke. Since EGR 
stratification is required prior to ignition, more studies with 
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combustion will be needed to determine if combustion will be 
possible. 
Figure 24. Engine geometry used showing central helical 
intake and four EGR ports. 
CONCLUSIONS 
From the results of this study the following conclusions can be 
drawn: 
. Using two opposing intake ports and two EGR ports 
located in the cylinder head, did not produce EGR 
stratification in the cylinder during the intake and 
compression strokes. 
2. The use of a centrally located intake valve with two 
EGR ports resulted in incomplete EGR stratification 
in the cylinder at the end of the intake stroke. 
. For the case of Engine 3, with a centrally located 
intake port in the head and EGR ports mounted to the 
side near the bottom of the cylinder, EGR 
stratification was achieved near the beginning of the 
compression stroke. However, EGR stratification was 
not maintained till the end of the compression stroke. 




'x / ;  
Figure 25. Air mass fraction contours shown at 40 degrees 
crank angle ATDC, (4EGR ports). 
Figure 27. Air mass fraction contours plotted at BDC, (4EGR 
ports). 
Figure 26, Velocity vectors plotted at 40 degrees crank angle 
ATDC, (4EGR ports). 
Figure 28. Velocity vectors plotted at BDC, (4EGR ports). 
4. The use of a centrally located helical intake valve 
with two EGR ports resulted in incomplete EGR 
stratification in the cylinder at the end of the intake 
stroke. 
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5. When four EGR ports were used with the centrally 
located intake system, EGR stratification was more 
evident in the cylinder at the end of the intake stroke, 
than with two EGR ports. 
With four EGR ports swirl motion was generated 
earlier during the intake stroke, as compared to the 
swirl motion generated with two EGR ports. 
. In all cases EGR stratification could not be 
maintained in the cylinder till the end of the 
compression stroke. Additional studies with 
combustion are needed in order to determine the 
benefits, if any, of incomplete stratification. 
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